We propose a ultraviolet complete theory for cold dark matter(CDM) and sterile neutrinos that can accommodate both cosmological data and neutrino oscillation experiments within 1σ level. We assume a new U (1)X dark gauge symmetry which is broken at ∼ O(MeV) scale resulting light dark photon. Such a light mediator for DM's self-scattering and scattering-off sterile neutrinos can resolve three controversies for cold DM on small cosmological scales: cusp vs. core, too-big-to-fail and missing satellites. We can also accommodate ∼ O(1) eV scale sterile neutrinos as the hot dark matter(HDM) and can fit some neutrino anomalies from neutrino oscillation experiments within 1σ. Finally the right amount of HDM can make a sizable contribution to dark radiation, and also helps to reconcile the tension between the data on the tensor-to-scalar ratio reported by Planck and BICEP2 Collaborations.
INTRODUCTION
The standard model of cosmology, the so-called ΛCDM with the minimal six parameters, can explain well a wide range of cosmological observations, such as primordial abundance of light elements, cosmic microwave background(CMB) and large scale structures(LSS). Meanwhile, there are still some hints that indicate that new physics beyond the minimal ΛCDM model maybe is needed in order to explain CDM sector better.
There are three controversies for CDM paradigm on small cosmological scales, cusp vs. core, too-big-tofail and missing satellites (see Ref. [1] for a review), which have triggered both astrophysical [2] [3] [4] [5] [6] [7] [8] [9] [10] and DMrelated investigations [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . A solution that resolves simultaneously these controversies has been proposed in Ref. [28] , where both DM and active neutrino interact with a new gauge boson with mass round O(MeV). Then the DM's velocity-dependent self-scattering cross section can be around 1cm
2 /g at the Dwarf satellites scale, and evades the constraints from Milky Way galaxy and galaxy cluster. Thus one can resolve the first two controversies. Meanwhile, the DM's scattering off cosmic neutrino background leads to its late kinetic decoupling at temperature T kd < O(keV), which is translated into a cut-off of the smallest protohalo mass M cut ∼ O(10 9 )M , resolving the 3rd puzzle, namely missing satellites problem. However, since active neutrino couples to a MeV particle, such scenario is restrictively constrained [29] [30] [31] .
The CMB data indicates that a small amount of relativistic species or hot dark matter(HDM) could exist at CMB time [32] [33] [34] [35] [36] , in addition to the standard three generations of active neutrinos. This is often parametrized as the effective number of additional neutrino species ∆N cmb eff . It has been shown in Ref. [34] that the best fit to all available data is given by ∆N cmb eff = 0.61 ± 0.30, m eff hdm = (0.47 ± 0.13) eV. (1) where m eff hdm is the effective HDM mass. Also, it was shown very recently that a similar amount of HDM can help to relieve the tension of tensor-to-scalar ratio (≡ r) between Planck data [37] and the recently announced measurement of B-mode polarization by BICEP2 [38] , without a running spectral index [39] [40] [41] .
It is well known that sterile neutrino can serve as a HDM component of the universe. Sterile neutrino is also well motivated in order to solve accelerator [42, 43] , reactor [44] and gallium anomalies [45, 46] in neutrino oscillation experiments. Both reactor and gallium anomalies prefer a new mass-squared difference, ∆m 2 
eV
2 [47] , while accelerator experiments [48] [49] [50] prefer ∆m 2 ∼ 0.5 eV 2 . In all three cases the favored mixing angles are around sin 2 2θ ∼ 0.1. Such a large mixing angle would in general lead to fully thermalized sterile neutrinos by oscillation and thus an increase of ∆N cmb eff = 1 for each sterile neutrino. This is in some tension with the above cosmological data Eq. (1), as shown in global fit [51] including BBN, CMB and LSS data.
The above tension can be relieved by introducing new interaction for sterile neutrino. The new interaction can generate a matter potential V eff that results in a tiny effective mixing angle θ m in matter [52] 
where θ 0 is the mixing angle in vacuum. As a result, the thermalization of sterile neutrino by oscillation can be suppressed and ∆N eff < 1 is easily obtained [53, 54] . Recently it has been shown that the tension in the data can be reconciled at 2σ level within an effective theory [55] where a dim-5 operator is responsible for the active-sterile neutrino mixing. In this paper, we propose a ultraviolet complete theory for DM and sterile neutrino that can accommodate the aforementioned cosmological data and neutrino oscillation experiments within 1σ level. The model includes both CDM and HDM, and we call it the νΛMDM(the first M stands for mixed).
MODEL FOR CDM AND STERILE NEUTRINO
We consider the standard seesaw model with two righthanded (RH) neutrinos (gauge singlet) N i (i = 1, 2)
1 , and add a dark sector with U (1) X gauge symmetry and coupling g X , and dark photon fieldX µ , and dark Higgs field φ X and two different Dirac fermion ψ and χ in the dark sector. All the new fields are SM gauge singlets. We assign equal U (1) X charges to φ X and ψ, which is normalized to 1. Then the most general gauge invariant renormalizable Lagrangian is given by
electroweak vacuum could be stable up to Planck scale without additional new physics beyond the particle contents presented in Eq. (2) (see Refs. [57] for example).
A novel feature of this model is that there can be mixing among three active neutrinos ν α , sterile neutrinos N i and dark fermion ψ due to y αiLα HN i , f i φ † XN i ψ and g i φ Xψ N i after spontaneous gauge symmetry breaking. In order to correctly explain the active neutrino oscillation data, at least two N 's are needed, in which case two of ν a are massive and the other one is massless. Then after diagonalization of 7 × 7 mass matrix for ν α , N i and ψ, mass eigenstates are composed of 7 Majorana neutrinos, ν a (a = 1, 2, 3) and ν si (i = 4, ..., 7), or collectively
. . .
where U is the unitary mixing matrix that diagonalizes the mass matrix M,
In the following discussion, if not specified, we shall use ν a and ν s to collectively denote three active neutrinos and four sterile neutrinos, respectively. The mixing also distributes the new U (1) X gauge/Yukawa interaction to all neutrinos with actual couplings depending on the exact mixing angles. We assume that the mixing angles between ν α and ψ are negligible, compared to the mixing between N i and ψ. This can be easily achieved by adjusting y αi 's, f i 's and g i 's. A more straightforward way is to work in the flavor basis, in which only N i and φ have dark Yukawa and gauge interactions, respectively. Because of the new dark interactions for ν s , all sterile neutrinos ν s 's are not thermalized by oscillation from active neutrinos and thus can contribute to the number of effective neutrino by a proper amount, ∆N eff < 1 after BBN [53, 54] . The exact mass spectrum and mixing angles for ν s are free, subject to conditions for fitting the data. We shall take at least one ν s is around 1 eV and others as free, lighter or heavier, and the mixing angles among ν s are large enough for suppressing their production by oscillation from active neutrino.
Based on a different setup, our model improves a similar attempt presented in a recent paper [55] in two aspects. First, our model is renormalizable and thus ultraviolet complete, while the model in Ref. [55] assumed a dim-5 operator for generating the active-sterile neutrino mixing and therefore depends on the UV completion. Second, we shall show below that the model presented in the present paper can reconcile the current cosmological data with neutrino oscillation experiments within 1σ rather than only within 2σ as discussed in [55] .
THERMAL HISTORY AND CDM CONTROVERSIES
Communication between dark sector and SM particles or thermal history before BBN time is determined mostly by two mixing parameters, sin and λ φH . sin is contrained by DM direct searches around sin < 10 −9 for O(TeV) χ and O(MeV) X µ [58] . And λ φH as small as 10 −8 would be enough to thermalize the dark sector at T ∼TeV [59]. After the cross sections of dark particles' scattering off SM particle drop below the expansion rate of the Universe, the dark sector decouples from the thermal bath of the visible sector and entropy density would be conserved separately in each sector. The decoupling temperature of the dark sector, T dec x , would determine how much ∆N eff is left at a later time. The exact value for ∆N eff will be given in the following.
Chemical decoupling of DM from the heat bath sets its relic density today. After the temperature drops below m χ , χ starts to leave the chemical equilibrium and would finally freeze out at T m χ /25. To account for the correct thermal relic density, the thermal cross section for χχ annihilation σv should be around 3 × 10 −26 cm 3 /s. The dominant annihilation channel in this model is χχ → X µ X µ , and the relic density requires the gauge coupling g X to be [60] g X ∼ 0.50
where Q χ is the U (1) X charge of χ and shall be taken ∼ O(1) for definiteness in later discussion. We shall focus on the CDM χ with mass ∼ TeV, which is preferred region as shown in Ref. [28] . Kinetic decoupling of χ from ν s happens at much later time when the elastic scattering rate for χν s ↔ χν s drops below some value determined by Hubble parameter H. The Feynman diagram is shown in Fig. 1(b) . For a thermal distribution of sterile neutrino, the decoupling temperature is given by
where T γ and T νs are the temperatures of CMB and sterile neutrinos, respectively. Except that DM is dominantly scattering off sterile neutrinos in our model rather than active ones, the above formula is similar to the one in Ref. [28] and gives the approximate order-of-magnitude estimation, although the precise formula may depend on the neutrino mixing angles from the couplingsν i γ µ ν j X µ . The kinetic decoupling of DM from the relativistic particles imprints on the matter power spectrum, for which there are two relevant scales [61, 62] : the comoving horizon τ kd ∝ 1/T kd χ and free-streaming length T kd χ /m χ 1/2 τ kd . For our interested regime, τ kd is much larger and relevant. Thus T kd χ can be translated into a cutoff in the power spectrum of matter density perturbation with
where ρ M is the sum of matter densities today, ρ CDM + ρ baryon . Then M cut ∼ O(10 9 )M can be easily obtained for explanation of missing satellites problem for O(TeV) χ and O(MeV) X µ .
Because of the light mediator X µ , the DM selfscattering χχ → χχ can have a large cross section, σ ∼ 1cm 2 / at small scales, while relative small values at Milky Way and larger scales. This can flatten the dark halo, decrease the total mass of halo centre and resolve both cusp vs. core and too-big-to-fail controversies. The quantity that is usually used to describe the efficiency for the DM-DM self-scattering is the transfer cross section
σ T can be easily calculated from Fig. 1(a) in the perturbative regime α X m χ < m X as,
where v rel is the relative velocity of χ andχ. v rel is around 20, 200, 1000 km/s for Dwarf galaxies, Milky Way and the galaxy clusters, respectively. In the non-perturbative regime α X m χ > m X , we have [22] 
As an illustration, in Fig. 2 , we show the case with m χ = 1TeV, m X = 4MeV and g X = 0.5, in which σ T /m χ can be achieved properly for Dwarf galaxies with v vel 20km/s.
EFFECTIVE NUMBER OF EXTRA NEUTRINOS
After the decoupling of dark sector from the visible thermal bath, relativistic particles can still contribute to the radiation density. mν s from the global fit for neutrino oscillation data in 3 + 2 scenario [66] . We use mt 173GeV and Tc is the confinementdeconfinement transition between quarks and hadrons. See the text for detail.
contributions to ∆N eff can be parametrized as
where T is the photon temperature, and g * s counts the total number of relativistic degrees of freedom for entropy (g x * s for dark sector). Conservation of entropy density has been used in the last step of the above equations.
When only sterile neutrinos are relativistic at the time just before BBN epoch, we have
The parameter g * s T dec x is well-known in SM [63] and depends on the decoupling temperature. For example, g * s T 
Increasing(decreasing) T Decoupling temperature lower than T c would give too large ∆N eff 3.96 and therefore is excluded at high confidence level. The available range for ∆N eff is the region between two red vertical lines in Fig. 3 .
If X µ and H 2 are also relativistic around BBN time, we have g
in Eq. (8) 
So the difference is small and we shall not distinguish two cases in the later discussion. These extra sterile neutrinos can also be relativistic even at CMB time with T γ O (1) 
where only relativistic sterile neutrinos are summed over. Sterile neutrino masses can be chosen to fit the neutrino oscillation data. We take the face values from the global fit [64] [65] [66] : for instance, with 3 + 2 scenario [66] gives ∆m (11), we depict the central value of m νs as the horizontal dotted line in Fig. 3 . We can see that cosmological data can be reconciled with neutrino oscillation experiments within 1σ in our model, which is quite remarkable.
The crucial difference between our model and Ref.
[55] is due to Eqs. (8) and (11), because of "4" sterile neutrinos in our model. Usually, only one sterile neutrino is responsible for ∆N eff and the relation among m 4 , for which one would have
Then this is consistent with neutrino oscillation data only at 2σ level as shown in Ref. [55] .
In the above discussion we have assumed that ∆N eff (BBN) = ∆N eff (CMB) for illustration. This assumption may not be necessarily true when either oscillation brings all neutrinos into equilibrium or some sterile neutrinos are heavy enough such that they become nonrelativistic at the time before CMB and heat other neutrinos. In both cases we have ∆N eff (CMB) < ∆N eff (BBN), and our model predictions are still consistent with neutrino oscillation data within 1σ level.
FURTHER TESTS OF THE MODEL
There are a few different ways to test our model. Direct detection of CDM χ will be possible for no vanishing sin . Also, χχ will annilhilate to two X µ s, which in turn decay into sterile neutrinos immediately. These high energy sterile neutrinos can oscillate to active neutrinos which can be detected by neutrino telescropes, such as IceCube, whose current limit on σv is around 10 −22 cm 3 /s [67] . Taking into account boost factors due to light mediators in our model, future detection of these neutrino flux will be possible. Since we have more sterile neutrino species than other models, oscillation experiments could also be used to test the model even though this depends on the exact mixing angles and mass spectrum.
SUMMARY
In this paper, we have proposed a ultraviolet complete renormalizable model for self-interacting CDM and sterile neutrinos that can accommodate the cosmological data and neutrino oscillation experiments simultaneously within 1σ level. The model is based on a dark sector with local U (1) X dark gauge symmetry that is spontaneously broken at O(MeV) scale. The resulting O(MeV) gauge boson (dark photon) can mediate a DM self-scattering cross section around σ ∼ 1cm 2 /g which is of right order to resolve two issues for CDM at small cosmological scales, cusp vs. core and too-big-to-fail .
In our model, two light RH gauge singlet neutrinos (N i=1,2 ) can mix with a dark fermion ψ and therefore can interact with DM through the new dark gauge boson. The relics of these sterile neutrinos serve as the hot dark matter with a right amount of ∆N eff (see Fig. 1 ), which relieves the tension between Planck and BICEP2. The masses of these sterile neutrinos are consistent with neutrino oscillation experiments within 1σ. Meanwhile, the interaction between DM and sterile neutrino delays the DM's kinetic decouple to sub-keV temperature and induces a lower cut-off in the primordial matter power spectrum, resolving the missing satellites problem. The model could be tested further by (in)direct detection of CDM χ, and also through neutrino oscillation experiments if favorable parameters are realized in Nature.
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